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The  high  degree  of  renewability  of  wind  power  in  China  is  illustrated  by  a  case  study  of  nonrenewable 
energy  cost  and  greenhouse  gas  emission  to  a  typical  wind  farm  in  Guangxi.  The  account  for  the  life 
cycle  of  components  manufacturing  and  transportation,  installation,  operation,  maintenance,  disassem¬ 
bly  and  disposal  is  based  on  the  embodiment  intensities  of  nonrenewable  energy  use  and  greenhouse 
gas  emission  by  an  environmental  extended  input-output  analysis  for  typical  commodities  in  the  Chi¬ 
nese  economy.  The  nonrenewable  energy  cost  and  greenhouse  gas  emissions  are  estimated,  respectively, 
as  0.047  MJ  and  0.002  kgC02-eq  for  1  MJ  of  electricity  by  the  wind  farm  plant,  respectively  56  and  108 
times  less  than  those  of  the  average  coal  plant  in  China.  Considering  the  dominance  of  coal  power,  the 
nonrenewable  energy  saving  is  estimated  at  1.22E+10  MJ  during  its  20  years  operating  period,  while  the 
reduced  greenhouse  gas  emissions  are  1.03E+09  kg  C02-eq  by  the  wind  farm  studied.  Compared  with  the 
study  of  the  wind  farms  worldwide,  the  nonrenewable  energy  cost  intensity  of  Chinese  1.25  MW  wind 
turbines  is  in  the  median  range,  and  the  GHG  emission  intensity  is  at  the  lower  end  of  the  scale.  The 
concrete  results  have  essential  policy  making  implications  supportive  to  a  further  spread  of  wind  power 
technology  in  China. 
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1.  Introduction 

In  Chinese  history,  the  utilization  of  wind  power  can  be  traced 
back  to  at  least  1800  years  ago  in  the  East  Han  Dynasty,  when 
*  Corresponding  authors.  Tel.: +86  10  62767167;  fax: +86  10  62754280.  people  started  to  hoist  the  sail  and  transport  goods  by  wind.  In 

E-mail  addresses:  gqchen@pku.edu.cn  (G.Q,  Chen),  yq@pku.edu.cn  (Q.  Yang).  modern  times,  merely  in  the  Jiangsu  Province,  there  used  to  be  more 
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than  200,000  wind  power  water  pumping  machines  in  operation 
[11- 

Wind  farm  construction  had  started  in  China  since  the  mid 
1980s  [2],  For  promoting  the  national  wind  power  development, 
the  former  Ministry  of  Electrical  Power  issued  Opinions  on  Wind 
Power  Farm  Construction  and  Management  in  1994,  in  which,  all 
power  grids  were  asked  to  purchase  all  electricity  generated  by 
wind  farms,  and  the  purchasing  price  should  be  set  capable  for  the 
repayment  of  principal  and  interest  rates  plus  a  reasonable  profit. 
In  1999  the  Chinese  Government  issued  the  Notice  on  Several  Prob¬ 
lems  for  Promoting  Renewable  Energy  Development,  in  which,  certain 
favorable  policies  for  power  generation  by  renewable  energy  in  par¬ 
ticular  by  using  wind  energy  have  been  set  forth,  including  2%  bank 
loan  discount  from  government  subsidy  and  5%  interest  rate  return 
on  investment  for  those  wind  power  projects  using  domestic  wind 
power  equipment  [3].  In  order  to  promote  the  commercialization 
of  wind  power,  the  National  Development  and  Reform  Commission 
(NDRC)  adopted  a  concessional  approach  in  2003  with  a  20-year 
operational  period.  This  was  to  select  potential  projects  of  rela¬ 
tively  large  scale  (100  MW),  and  to  choose  the  investor  through 
competitive  bidding  [4].  China’s  Renewable  Energy  Law  came  in 
force  in  January  1,  2006,  which  requires  that  power  grid  opera¬ 
tors  must  purchase  a  full  amount  of  wind  power  generated  by 
registered  producers,  and  also  offers  financial  incentives,  such  as 
a  national  fund  to  foster  renewable  energy  development  and  dis¬ 
count  lending  and  tax  preferences  for  renewable  energy  projects 
[5].  After  nearly  30  years  of  development,  21,581  wind  turbines 
have  been  installed  in  the  mainland,  with  a  total  installed  capac¬ 
ity  of  25,805  MW  by  the  end  of  2009  [6].  According  to  the  national 
Long-  and  Medium-term  Plan  on  Renewable  Energy,  the  total  exist¬ 
ing  capacity  of  wind  power  will  be  up  to  30  GW  by  2020  in  China 
[7].  Nowadays,  the  original  goal  of  30  GW  installed  capacities  in 
the  year  2020  has  already  been  achieved  ahead  of  schedule  [8].  The 
manufacturing  technologies  have  advanced  and  production  capa¬ 
bility  of  wind  power  equipment  has  been  greatly  increased,  as  well 
as  wind  power  management  skills  having  been  improved  in  China. 
More  than  90%  of  750  kW  wind  turbines  are  domestically  manu¬ 
factured.  Many  experts  believe  that  China  will  be  the  center  of  the 
global  wind  energy  market  in  the  future  [9],  The  1.25  MW  wind 
turbine  studied  in  this  paper  is  also  made  in  China. 

Recently  various  approaches  based  on  energetic  or  exergetic 
methods  to  assess  the  renewability  of  energy  conversion  sys¬ 
tems,  especially  the  renewable  energy  conversion  system,  have 
been  proposed  [10-16].  The  simplest  is  a  binomial  approach  that 
classifies  it  as  either  “renewable”  or  “nonrenewable”  [11].  Con¬ 
sidering  the  huge  increase  and  expected  future  growth  of  wind 
power,  the  measurement  of  renewability  of  wind  farm  systems, 
which  consume  both  renewable  wind  kinetic  energy  and  nonre¬ 
newable  energy  sources  associated  with  provision  of  various  inputs 
for  the  construction  and  maintenance  of  the  system,  has  become 
of  supreme  importance  recently.  Wind  energy,  a  relatively  large 
energy  source  globally,  is  being  investigated  in  various  countries 
as  a  potentially  significant  renewable  resource.  As  for  wind  farms, 
many  researchers  have  considered  the  environmental  benefits  of 
wind  turbines,  to  ensure  that  they  provide  a  net  energy  benefit 
and  remediation  of  greenhouse  gas  (GHG)  emissions,  in  the  pursue 
of  sustainable  development  of  wind  harnessing  industry.  In  2002, 
Lenzen  and  Munksgaard  [17]  carried  out  a  worldwide  survey  of  the 
previous  studies  of  others  on  environmental  performances  of  wind 
farms.  The  authors  showed  that  “despite  the  fact  that  most  modern 
wind  turbines  differ  little  over  a  wide  range  of  power  ratings  with 
regard  to  their  material  consistency,  there  is  a  relatively  large  vari¬ 
ation  in  energy  and  CO2  intensities”.  For  the  past  few  years,  Martin 
et  al.  [18]  performed  a  comprehensive  system  analysis  of  the  possi¬ 
ble  CO2  reduction  of  an  offshore  wind  power  in  Germany.  Ardente 
et  al.  [19]  conducted  a  life  cycle  assessment  of  an  Italy  wind  farm. 


Similarly,  Martinez  et  al.  [20]  made  a  life  cycle  assessment  study 
quantifying  the  overall  impact  of  an  onshore  wind  turbine  and  each 
of  its  components  in  Spain.  Tremeac  and  Meunier  [21]  have  eval¬ 
uated  the  energy  demand  and  GHG  emissions  for  a  4.5  MW  and 
a  250  W  wind  turbine  in  France.  Meanwhile,  Crawford  [22]  pre¬ 
sented  the  results  of  a  life  cycle  energy  and  GHG  emissions  analysis 
of  two  wind  turbines  based  on  hybrid  embodied  energy  analysis 
and  also  considered  the  effect  of  wind  turbine  size  on  energy  yield. 
Recently,  by  viewing  1 1 9  wind  turbines  from  50  different  analyses, 
ranging  in  publication  date  from  1977  to  2007,  Kubiszewski  et  al. 
[23]  distinguished  between  important  assumptions  about  system 
boundaries  and  methodological  approaches.  However,  no  study  on 
fossil  energy  cost  and  GHG  emissions  of  Chinese  wind  farm  can 
be  found  in  publications,  though  extensive  research  on  various 
renewable  energy  sources  and  systems  in  the  society  have  been 
performed  [24-43]. 

This  paper  aims  to  evaluate  the  renewability  of  wind  power  in 
China  by  a  case  study  of  nonrenewable  energy  (NE)  cost  and  GHG 
emissions  of  a  typical  wind  farm  in  China,  located  in  Guangxi.  It 
takes  into  account  nonrenewable  material  and  energy  flows  and 
associated  GHG  emissions  over  the  whole  production  process  start¬ 
ing  from  wind  turbines  manufacturing,  wind  farm  construction, 
operation  and  maintenance,  and  lastly  to  its  disassembly  and  dis¬ 
posal.  The  analysis  of  the  study  maps  nonrenewable  energy  flows 
and  GHG  emissions  in  fine  detail  and  thus  helps  identify  nonre¬ 
newable  energy  intensive  components.  The  results  are  compared 
with  other  new  renewable  energy  plants  in  the  world,  and  also 
with  traditional  coal  power  plants  in  China.  The  study  provides 
useful  information  for  Chinese  electrical  companies  in  decreasing 
the  nonrenewable  energy  cost  of  their  wind  farms  and  in  minimiz¬ 
ing  the  GHG  emissions  due  to  the  construction  of  new  plants  or 
dismantling  of  old  ones.  Also  essential  policy  making  implications 
supportive  to  a  further  spread  of  wind  power  technology  in  China 
is  provided. 

2.  Methodology 

In  theory,  a  totally  renewable  energy  would  involve  no  fos¬ 
sil  energy  requirement.  In  fact,  renewable  energy  systems  require 
both  renewable  and  nonrenewable  energy  inputs.  Systems  indi¬ 
cators  are  essential  in  physical  assessment  of  renewable  and 
sustainable  energy  technologies  [42].  Within  energy  analysis,  most 
remarkable  is  the  basic  concept  of  energy  return  on  investment 
(EROI),  defined  as  the  ratio  of  the  energy  extracted  or  delivered  by 
a  process  to  the  energy  used  directly  and  indirectly  in  that  process 
[44].  The  reciprocal  of  EROI  has  been  recently  addressed  by  Chen 
and  Chen  [45]  as  an  energy  cost  indicator  to  denote  how  many 
energy  times  of  cost  used  in  the  whole  manufacturing  process  over 
the  energy  are  contained  in  the  final  product.  While  energy  effi¬ 
ciency  indicated  by  EROI  remains  interesting,  it  does  not  suffice 
to  evaluate  nonrenewable  energy’s  contribution  to  the  fabrication 
of  presumed  renewable  energies.  Fossil  energy  ratio,  defined  as 
the  ratio  between  the  biofuel  energy  content  and  the  fossil  energy 
input,  has  been  used  to  identify  whether  a  biomass  derived  fuel  is 
renewable  [15,46].  For  nonrenewable  energy  use  associated  with 
its  believed  dominant  role  in  the  climate  change,  an  appropriate 
evaluation  should  address  how  much  nonrenewable  energy  instead 
of  inclusive  energy  is  consumed  to  produce  a  presumed  renewable 
energy.  It  is  appropriate  to  use  nonrenewable  energy  investment 
in  energy  delivered  (NEIED)  expressed  as 

NE 

NEIED  =  —  (1) 

£out 

where  NE  is  the  nonrenewable  energy  used  directly  and  indirectly 
in  the  production  process,  and  £0ut  is  the  net  electricity  to  access 
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grid  for  wind  power.  NE  can  be  calculated  as 

NE  -  y  NE,-  =  y^jlnputj  x  C,)  (2) 


where  NE,  denotes  the  nonrenewable  energy  used  directly  and 
indirectly  in  the  production  of  the  ith  inputs  Input,  to  the  whole 
chain  of  a  wind  farm.  And  to  calculate  the  proportion  of  the  unit 
primary  nonrenewable  energy  demand  directly  and  indirectly  in 
the  production  or  preparation  of  the  ith  input,  Q  is  defined  as 
the  nonrenewable  energy-intensity  coefficient  of  the  ith  input. 
Such  coefficients  can  be  measured  by  one  of  two  general  meth¬ 
ods:  namely  process  analysis  or  input-output  (1-0)  analysis.  Both 
methods  require  the  same  data  and  would  yield  the  same  result  if 
a  fully  disaggregated  data  base  were  available. 

NEIED  in  terms  of  how  much  nonrenewable  energy  is  expended 
to  convert  the  kinetic  energy  of  wind  to  generate  per  unit  electric¬ 
ity  is  devised  to  identify  the  renewability  of  presumed  renewable 
energies.  The  more  nonrenewable  energy  required  to  produce  the 
electricity,  the  less  we  can  say  that  this  wind  electricity  is  renew¬ 
able.  Significant  cases  could  be  identified  for  different  ranges  of 
NEIED  values.  NEIED  <  1  is  for  a  renewable  process  in  which  more 
energy  is  produced  than  NE  invested,  while  NEIED  >  1  is  for  a  non¬ 
renewable  process  in  which  more  NE  is  consumed  than  energy 
produced. 

Similarly,  the  GHG  emissions  associated  with  NE  cost  can  be 
calculated  as 


GHG  =  ^  GHGi  = 


^(Inpuq  x  G,) 


(3) 


where  GHG,-  denoting  the  direct  and  indirect  GHG  emissions  in  the 
production  of  ith  inputs,  G,-  is  defined  as  the  GHG-intensity  coeffi¬ 
cient  of  the  ith  inputs. 

In  this  study,  most  of  the  nonrenewable  energy  intensities  are 
evaluated  by  subtracting  renewable  energy  inputs  into  the  society 
in  an  environmental  extended  1-0  analysis  which  is  performed  by 
Zhou  [47],  with  embodiment  intensities  for  all  the  151  kinds  of 
typical  commodities  in  Chinese  economy  conclusively  provided  as  a 
systematic  account  of  embodied  ecological  elements  in  the  Chinese 
national  economy.  GHG-intensity  coefficients  can  also  be  found  in 
Zhou  [47].  In  addition,  because  the  wind  tower  foundations  cover 
only  a  small  area  of  land,  the  GHG  emissions  linked  to  land  use 
change  is  ignored  in  this  study.  And  due  to  the  data  unavailability, 
possible  emissions  from  the  foundation  into  the  environment  have 
not  been  considered  during  the  lifespan  of  the  wind  turbine. 


3.  Case  study 

The  concerned  wind  farm  locates  in  the  Darong  Mountain  Resort 
(1 10°11'26"E-110°15'23"E,  22°51'36"N-22:52'49"N)inYulinCity, 
Guangxi  Zhuang  Nationality  Autonomous  Region,  China,  and  cov¬ 
ers  a  surface  area  of  8.0 km2.  No  buildings  were  constructed  in  the 
area  which  is  near  by  the  main  peak  of  Darong  Mountain  (height 
of  1350  m).  The  vegetation  is  constituted  by  spontaneous  grass  and 
small  shrubs.  The  physical  geological  appearance  is  in  favorable 
condition,  and  no  collapse  and  landslides  occurred  during  recent 
years.  The  scheme  proposes  the  installation  of  24  wind  turbines 
each  with  a  generating  capacity  of  1.25  MW,  a  hub  height  of  68  m 
and  a  blade  diameter  of  64  m  (total  height  100  m).  Each  wind  tur¬ 
bine  tower  is  connected  to  a  35  kW  box-type  transformer.  The 
tower  is  installed  on  flat  lay-bay  and  is  firmly  anchored  with  a 
3.3  m  foundation.  A  substation  with  a  1 10  kV  step-up  transformer 
is  constructed  to  decrease  the  line  loss.  The  control  system  is  also 
located  in  the  substation.  Taking  one  year  to  construct,  the  project 
is  designed  with  an  operational  life  of  20  years. 

There  are  24  wind  turbines  with  a  total  installed  capacity  of 
30  MW.  The  annual  average  wind  speed  is  7.0  m/s  at  a  height  of 
55  m.  Based  on  the  characteristic  power  curve  and  hourly  wind  data 


Table  1 

Components  of  per  wind  turbine. 


Component 

Sub-component 

Materials 

Quantity  (t) 

Rotors 

Three  blades  and  nose  cone 

Resin 

6.6 

Fibre  glass 

4.4 

Blade  hub 

Cast  iron 

7.9 

Nacelle 

Bed  frame 

Iron 

11.4 

Main  shaft 

Steel 

6.6 

Transformer 

Silica 

0.2 

Steel 

3.6 

Copper 

1.6 

Generator 

Silica 

0.2 

Copper 

2.2 

Steel 

4.6 

Gearbox 

Iron 

8.7 

Steel 

8.7 

Nacelle  cover 

Fibre  glass 

0.9 

Resin 

1.3 

Tower 

Plates  steel 

Steel 

87.9 

for  location  of  the  wind  farm,  the  annual  gross  energy  output  of  the 
24  wind  turbines  is  calculated  to  be  6.54E+07  kW  h.  Thus  the  annual 
electricity  to  access  grid  for  each  turbine  will  be  2.72E+06  kW  h  with 
an  availability  of  2179.5  h  per  year  on  average.  All  of  the  detailed 
data  referring  to  the  wind  farm  are  from  sources  provided  by  the 
developer,  China  Hua  Dian  Corporation  [48]. 

The  wind  farm  performance  was  studied  in  six  major  parts, 
namely: 


(1)  wind  turbines  components  (rotors,  nacelle,  tower,  and  their 
sub-components); 

(2)  substation  components  (transformer  and  control  system); 

(3)  transport; 

(4)  building  works  (tower  foundations,  substation  foundation, 
etc.); 

(5)  operation  and  maintenance; 

(6)  disassembly  and  disposal. 

3.1.  Wind  turbines 

The  mass  of  used  materials  to  manufacture  turbines  has  been 
assessed  on  the  basis  of  suppliers’  technical  reports  and  main¬ 
tenance  handbooks.  The  manufacture  of  the  turbines  can  be 
decomposed  into  the  manufacture  of  the  three  main  parts:  the 
rotor,  the  nacelle  and  the  tower.  Table  1  shows  the  detailed  survey 
of  wind  turbines’  components.  The  whole  turbine  weighs  approxi¬ 
mately  1 56.8 1.  The  rotor  is  composed  of  three  blades,  the  hub  and 
the  nose  cone.  Each  blade  is  31  m  long,  weighs  3.6 1  and  is  made 
of  fibre  glass  and  resin  material.  The  nose  cone  weighs  0.2 1  and  is 
made  of  the  same  material  as  the  blade.  The  blade  hub  is  made  of 
cast  iron,  which  weights  7.9 1.  The  total  masses  of  materials  utilized 
in  nacelle  manufacturing  are  20.1 1  iron,  23.5 1  steel,  0.4 1  silica,  3.8 1 
copper,  0.9 1  fibre  glass  and  1 .3 1  resin.  The  tower  is  made  of  plates 
of  steel  and  it  has  been  assumed  that  the  tower  is  made  of  100% 
steel.  The  installation  of  wind  towers  is  generally  carried  out  by 
cranes  and  other  specialized  construction  machines. 


3.2.  Substation 

A  substation  is  constructed  with  a  llOkV  step-up  transformer 
and  the  control  system  of  the  wind  farm.  The  1 10  kV  step-up  trans¬ 
former  is  designed  to  decrease  the  line  loss.  The  control  system 
mainly  consists  of  five  computers  (Table  2). 
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Table  2 

Components  of  substation. 


Component 

Materials 

Quantity 

Transformer 

Silica 

0.6 1 

Steel 

10.8t 

Copper 

4.8 1 

Computers 

5 

3.3.  Transportation 

Yulin  City  is  crossed  by  Nanwu  highway  and  No.  324  national 
highway.  All  of  the  equipment  is  firstly  transported  from  the  man¬ 
ufacturer  to  Yulin  City  on  the  highway  by  diesel  vehicles,  and  then 
from  Yulin  City  to  Darong  Mountain,  a  distance  of  40  km.  Wind 
rotors  are  produced  in  Shanghai,  which  is  2185  km  away  by  land 
transportation  from  Yulin  City.  Transformers  are  fabricated  in  Nan¬ 
jing  City  with  a  distance  of  2103  km  far  away  from  Yulin  City. 
The  steel  bar  for  wind  towers  is  purchased  in  Yulin  City.  The  con¬ 
sumption  intensity  of  the  diesel  is  estimated  as  0.05  L/(t  km).  Diesel 
density  is  0.83  kg/L.  All  these  data  indicate  a  diesel  fuel  consump¬ 
tion  of  344,252.9  kg  for  the  transportation. 

3.4.  Building  works 

Building  works  mainly  includes  the  construction  of  tower  foun¬ 
dations  and  substation.  The  tower  foundation  is  made  on  site  and 
consists  of  filling  up  a  3.3  m  deep  hole  (typical  in  a  regular  octagon 
with  a  14.0  m  diameter  for  its  inscribed  circle)  with  some  con¬ 
crete  reinforced  by  steel:  the  total  amount  of  reinforced  concrete 
for  all  of  the  24  towers  is  8333.6  m3.  Including  the  construction  of 
substation,  the  building  work  in  all  has  a  volume  of  8497.4  m3  of 
concrete  and  a  total  weight  of  999.9 1  of  steel  for  the  reinforcing 
bars.  In  a  three  months’  peak  construction  period,  the  power  con¬ 
sumption  load  is  2000.0  kWh/day,  and  the  water  consumption  of 
300.0  m3/day  is  supplied  by  a  reservoir  about  1  km  away  from  the 
wind  farm  (Table  3). 

3.5.  Operation  and  maintenance 

The  auxiliary  power  consumption  and  line  loss  together 
accounted  for  6%  of  the  gross  generation,  which  will  be  subtracted 
in  the  calculation  of  net  electricity  to  access  grid  from  the  wind 
farm.  12  Permanent  personnel  are  employed  in  the  plant  daily 
operation  with  a  daily  tap  water  consumption  of  3.5  m3.  Since 
maintenance  is  mainly  transportation  of  the  personnel  to  the  site 
for  regular  check  up  of  the  turbines,  the  fuel  consumption  is  mostly 
dependent  on  the  distance  of  traveling.  However,  because  the  data 
of  the  travel  distance  associated  with  each  check  up  process  are 
not  available,  the  related  fuel  consumption  is  ignored  in  this  study. 
Also,  the  electrical  company  has  scheduled  semi  annual  mainte¬ 
nance,  which  mainly  implies  lubrication,  painting  and  substitution 
of  spare  parts  as  established  in  the  maintenance  handbooks.  Dur¬ 
ing  the  average  useful  life  of  a  wind  generator,  it  is  supposed  to 
substitute  one  blade  and  15%  of  generator’s  components  [19]. 

Table  3 

Inventory  of  nonrenewable  inputs  in  building  works. 


Item  Materials  Quantity 


Tower  foundations 

Concrete  (m3) 

8333.6 

Steel  bar  (t) 

992.0 

Substation 

Concrete  (m3) 

163.8 

Steel  bar  (t) 

7.9 

Power  supply 

Electricity  (MWh) 

180.0 

Water  supply 

Reservoir  water  (t) 

27,000.0 

3.6.  Disassembly  and  disposal 

The  plant's  disassembly  and  disposal  is  unpredictable.  No  com¬ 
pletely  detailed  data  are  available  regarding  the  Yulin  wind  farm 
case.  A  scenario  has  been  depicted  based  on  the  studies  by  other 
research  as  follows: 

Rotors  and  nacelle:  20%  of  blade  materials  would  be  recycled  [19] 
and  other  components  will  be  sent  to  the  dump  nearby. 

Tower:  the  material  undergoes  a  recycling  process  in  which  losses 
of  material  are  estimated  at  10%  [49].  An  average  material  loss  rate 
of  10%  has  been  assumed  for  the  recycling  process. 

Substation:  3%  of  the  computers  components  [50]  and  the  10%  of 
the  transformer  materials  would  be  usable  in  the  recycling  process 
[20], 

Foundations:  it  has  been  assumed  that  the  foundations  will  be 
left  in  place  and  covered  with  a  layer  of  20-30  cm  of  organic  soil 
[20,51], 

4.  Results  and  discussions 

4.1.  Results 

As  for  the  wind  power  life  cycle,  NE  cost  and  GHG  emissions  are 
listed  in  Table  4. 

The  total  NE  cost  for  the  20  years  wind  farm  is  summed  up  to 
be  2.21E+08MJ.  As  described  in  Section  3,  the  annual  electricity 
output  to  assess  grid  is  6.54E+07kWh.  Then,  NEIED  is  evaluated 
as  0.047,  indicating  that  wind  power  requires  0.047  units  of  non¬ 
renewable  energy  to  generate  1  unit  of  electricity,  and  revealing 
a  high  renewability  of  the  process.  Dividing  total  NE  cost  by  the 
electricity  to  access  grid  net,  payback  period  for  the  energy  invest¬ 
ment  has  been  found  as  0.94  year.  Analysis  of  the  results  of  Table  4 
shows  that  wind  turbines  (40.5%)  and  the  building  work  (49.7%)  are 
the  two  single  largest  contributors,  which  together  take  up  90.2% 
of  the  total  NE  cost  of  this  wind  farm  (see  Fig.  1 ).  As  for  the  build¬ 
ing  work,  the  tower  foundation  makes  up  the  largest  proportion  of 
NE  cost  of  this  part,  at  97.9%;  Power  and  water  supply  have  a  low 
incidence  (2.1%).  As  for  the  components  of  wind  turbines,  rotors 
account  for  the  largest  proportion  of  this  part,  at  49.3%.  Nacelles 
represent  43.0%,  while  the  towers  represent  only  7.7%  of  this  part. 

Accounting  of  GHG  emissions  caused  due  to  manufacturing  and 
operation  of  the  wind  farm  has  been  done  in  a  way  similar  with 
the  NE  analysis  (see  Table  4).  The  total  GHG  emissions  for  the  20 
years  wind  farm  operation  are  summed  up  to  be  9930.0 1  CC>2-eq. 
An  embodied  GHG  emission  of  0.002  kgC02-eq/MJ  is  found  for  the 
wind  farm.  Fig.  2  shows  that  68.8%  of  the  total  GHG  emissions  are 
caused  in  the  building  works,  as  well  as  27.1%  in  the  manufac¬ 
ture  process  of  components  of  wind  turbines.  The  GHG  emissions 
embodied  in  the  operation  and  maintenance  stage  take  up  only 
3.5%.  As  for  the  building  work,  tower  foundations  is  the  most  fos¬ 
sil  energy  intensive  mainly  because  of  the  use  of  steel  bars  (30.6% 
of  this  part)  and  concrete  (67.1%  of  this  part).  As  for  the  compo¬ 
nents  of  wind  turbines,  nacelles  account  for  the  largest  proportion 
of  this  part,  at  56.4%,  while  the  rotors  and  towers  represent  32.3% 
and  11.3%,  respectively. 

The  percentages  of  NE  cost  in  terms  of  the  transportation  and 
substation  are  no  more  than  1.0%.  Also  the  percentages  of  GHG 
emissions  in  terms  of  the  transportation  and  substation  are  less 
than  1.0%.  Then  the  estimation  uncertainties  associated  with  these 
inputs  are  not  significant  for  the  overall  assessment. 

4.2.  Comparison  with  other  wind  farms 

Despite  the  fact  that  the  structure  and  technology  of  most  mod¬ 
ern  wind  turbines  differs  little  over  a  wide  range  of  power  ratings, 
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Table  4 

NE  cost  and  GHG  emissions  of  a  Chinese  wind  farm. 


Item 

Materials 

Quantity 

Unit 

NE  intensity 
(MJ/unit) 

GHG  intensity 
(tC02-eq) 

NE  (MJ) 

GHG  (tC02-eq/unit) 

Wind  turbines 

Rotors 

Resin  and  fibre  glass 

2.6E+02 

t 

1.88E+05 

3.07E+00 

4.96E+07 

8.10E+02 

Cast  iron 

1.9E+02 

t 

2.93E+04 

1.25E+00 

5.56E+06 

2.37E+02 

Nacelles 

Iron 

4.8E+02 

t 

2.93E+04 

1.25E+00 

1.41E+07 

6.03E+02 

Steel 

5.6E+02 

t 

3.26E+04 

1.39E+00 

1.84E+07 

7.84E+02 

Silica 

9.6E+00 

t 

3.06E+04 

6.00E-01 

2.94E+05 

5.76E+00 

Copper 

9.1E+01 

t 

1.64E+05 

4.70E+00 

1.50E+07 

4.29E+02 

Resin  and  fibre  glass 

2.2E+00 

t 

1.88E+05 

3.07E+00 

4.14E+05 

6.75E+00 

Towers 

Steel 

2.1E+03 

t 

3.26E+04 

1.39E+00 

6.88E+07 

2.93E+03 

Substation 

Transformer 

Silica 

6.0E-01 

t 

3.06E+04 

6.00E-01 

1.84E+04 

3.60E-01 

Steel 

1.1E+01 

t 

3.26E+04 

1.39E+00 

3.52E+05 

1.50E+01 

Computers 

Copper 

4.8E+00 

5.0E+00 

t 

1.64E+05 

9.60E+03 

4.70E+00 

2.50E-01 

7.87E+05 

4.80E+04 

2.26E+01 

1.25E+00 

Transportation 

Diesel 

4.3E+01 

t 

4.67E+04 

4.50E-01 

2.02E+06 

1.95E+01 

Building  works 

Tower  foundations 

Concrete 

8.3E+03 

m3 

6.03E+03 

5.30E-01 

5.03E+07 

4.42E+03 

Steel  bar 

9.9E+02 

t 

5.63E+04 

2.03E+00 

5.58E+07 

2.01  E+03 

Substation  foundation 

Concrete 

1.6E+02 

m3 

6.03E+03 

5.30E-01 

9.88E+05 

8.68E+01 

Steel  bar 

7.9E+00 

t 

5.63E+04 

2.03E+00 

4.45E+05 

1.60E+01 

Power  supply 

Electricity 

1.8E+02 

MWh 

1.28E+04 

2.80E-01 

2.30E+06 

5.04E+01 

Water  supply 

Reservoir  water 

2.7E+04 

t 

1.33E+03 

4.00E-02 

3.59E+01 

1.08E-03 

Operation  and  maintenance 

Water  supply 

Tap  water 

2.6E+04 

t 

3.29E+03 

8.00E-02 

8.41  E+01 

2.04E-03 

Blades 

Resin  and  fibre  glass 

8.8E+01 

t 

1.88E+05 

3.07E+00 

1.65E+07 

2.70E+02 

Generators 

Silica 

7.2E-01 

t 

3.06E+04 

6.00E-01 

2.20E+04 

4.32E-01 

Copper 

7.9E+00 

t 

1.64E+05 

4.70E+00 

1.30E+06 

3.72E+01 

Steel 

1.7E+01 

t 

3.26E+04 

1.39E+00 

5.40E+05 

2.30E+01 

Disassembly  and  disposal 

Wind  turbines 

Substation 

— 8.26E+07 

— 1.18E+05 

— 8.69E+07 

— 1.24E+05 

results  from  existing  assessments  of  their  energy  and  GHG  inten¬ 
sity  show  considerable  variations.  The  scatter  of  energy  intensities 
is  mainly  due  to  discrepancies  in  (1)  values  for  the  energy  content 
of  materials,  (2)  the  analysis  scope,  or  breadth,  and  (3)  the  method¬ 
ology,  or  depth  of  analysis  [17],  Table  5  reviewed  the  main  results 
of  other  typical  research  worldwide.  Even  after  normalization  with 
respect  to  lifetime  and  load  factor,  energy  intensities  span  more 
than  one  order  of  magnitude  from  0.040  to  0.150MJ/MJ  and  the 
C02  intensity  varies  from  0.002  to  0.123  kgC02-eq/MJ  (see  Table  5). 
Compared  with  the  study  of  the  worldwide  wind  farms,  the  NE  cost 


intensity  of  Chinese  1.25  MW  wind  turbines  is  in  the  median  range, 
and  the  GHG  emission  intensity  is  at  the  lower  end  of  the  scale. 
Compared  with  other  MW  class  wind  turbines,  the  NE  cost  and  GHG 
emission  intensity  of  Chinese  1.25  MW  wind  turbines  are  close  to 
that  of  the  3.0  MW  wind  turbines  in  Australia,  and  less  than  that  of 
the  4.5  MW  wind  turbines  in  France  and  5.0  MW  wind  turbines  in 
Germany.  In  contrast  to  the  small  size  turbines  (France  250  W  tur¬ 
bines),  nonrenewable  energy  intensity  and  GHG  emission  intensity 
of  the  considered  Chinese  wind  farm  is  one  order  of  magnitude  less. 
All  of  these  facts  indicate  that  the  size  of  wind  turbines  appears  to 


Operation  and  maintenance 


0.9% 


Fig.  1.  NE  cost  fractions  for  a  Chinese  wind  farm. 
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Fig.  2.  GHG  emission  fractions  for  a  Chinese  wind  farm. 


Table  5 

Comparison  with  other  wind  farms  in  the  world. 


Reference 

Year  of  study 

Location 

Turbine  type 

Nonrenewable  energy 
intensity  (MJ/MJ) 

GHG  emission  intensity 
(kgC02-eq/MJ) 

This  study 

2010 

China 

1.25  MW 

0.047 

0.002 

[22] 

2009 

Australia 

850  kW 

0.048 

0.003 

3.0  MW 

0.043 

0.003 

[21] 

2009 

France 

250  W 

0.330 

0.013 

4.5  MW 

0.080 

0.004 

[18] 

2008 

Germany 

5.0  MW 

0.006 

[19] 

2008 

Italy 

660  kW 

0.040-0.070 

0.002-0.004 

[17] 

2002 

Worldwide 

0.014-0.150 

0.008-0.123 

[23] 

2010 

Worldwide 

0.040 

0.002-0.123 

be  an  important  factor  in  optimizing  their  life  cycle  fossil  energy 
cost  and  GHG  emissions. 

4.3.  Comparison  with  coal  power  plants 

In  contrast  to  most  renewable  energy  based  energy  systems  and 
to  wind  energy  systems  in  particular,  conventional  power  systems 
and  hence  coal  power  plants  also  consume  nonrenewable  energy 
resources  mainly  during  their  operational  life  for  generation  of  elec¬ 
tricity.  The  conventional  power  plants  just  convert  the  fossil  fuels 
into  usable  physical  energy  along  with  some  inevitable  losses  due 
to  thermodynamic  irreversibility.  Therefore,  their  NE1ED  ratio  is 
bound  to  be  more  than  unity,  indicating  it  is  a  nonrenewable  pro¬ 
cess.  In  a  rough  estimation,  the  national  average  coal  consumptions 
in  the  generation  of  the  thermal  power  plant  are  356.0  g/kW  h  [52]. 
The  low  heat  values  of  coal  in  China  are  26.3  MJ/kg.  The  service 
power  consumption  rate  in  a  thermal  power  plant  is  7.1%,  and  the 
average  energy  line  loss  rate  is  7.5%  [52].  All  of  these  data  give  a 
national  average  NE1ED  ratio  of  thermal  power  of  2.64  MJ/MJ.  It  has 
also  been  previously  found  that  such  coal  power  plants  have  a  typ¬ 
ical  GHG  emission  coefficient  of  0.221<gC02-eq/MJ  [53].  The  coal 
power  system  therefore  tends  to  consume  about  56  times  of  NE  and 
108  times  of  GHG  emissions  as  compared  to  the  considered  wind 
farm  for  per  unit  generation  of  electric  power.  Meanwhile,  2.59  MJ 
of  NE  and  0.218  kg  C02-eq  are  saved  per  MJ  of  wind  electricity  out¬ 
put.  Thus  the  NE  saving  during  20  years  of  operating  time  have 
been  estimated  at  1.22E+10  MJ,  while  the  saved  GHG  emissions  are 
1.03E+09  kg  C02-eq. 

5.  Concluding  remarks 

The  high  degree  of  renewability  of  wind  power  in  China  is  illus¬ 
trated  by  a  case  study  of  nonrenewable  energy  cost  and  greenhouse 
gas  emission  to  a  typical  wind  farm  in  Guangxi.  The  most  important 


results  of  the  analysis  are  the  calculation  of  a  total  nonrenew¬ 
able  energy  (NE)  requirement  of  0.047  MJ/MJ  and  a  global  warming 
potential  of  0.002  kgC02-eq/MJ  for  the  wind  farm  in  China.  Mean¬ 
while,  the  energy  pay  back  time  of  the  considered  wind  farm  has 
been  calculated  as  0.94  year.  The  research  also  shows  that  the 
largest  NE  cost  and  GHG  emissions  are  mainly  due  to  the  manufac¬ 
turing  of  components  of  wind  turbines  (rotor,  nacelle,  and  tower) 
and  building  work.  Furthermore,  a  general  comparison  of  results 
for  other  wind  farms  in  the  world  indicates  the  fossil  energy  cost 
of  Chinese  1.25  MW  wind  turbines  is  at  the  median  range,  and  the 
GHG  emissions  of  the  considered  wind  turbines  are  at  the  lower  end 
of  the  scale.  Nevertheless,  it  is  necessary  to  continue  investigating 
and  raising  our  knowledge  of  wind  farms,  especially  if  we  consider 
the  huge  increase  and  expected  future  growth  of  wind  power  in 
China.  One  area  of  special  relevance  is  the  need  to  reduce  the  NE 
cost  and  GHG  emissions  of  the  various  manufacturing  processes 
involved  in  producing  concrete  and  steel  bars,  making  the  turbine 
and  its  components. 

This  study  also  proves  that  wind  energy  is  a  good  solution  to  pro¬ 
vide  electricity  with  little  fossil  energy  consumption,  and  become 
one  of  the  best  ways  to  mitigate  climate  change.  In  fact,  the  NE 
saving  during  20  years  of  operating  time  have  been  estimated  at 
1.22E+10MJ,  while  the  saved  GHG  emissions  are  1.03E+09kgC02- 
eq  in  the  designated  wind  farm  in  contrast  to  a  coal  power  plant 
in  China.  Recently  in  China,  the  original  goal  of  30  GW  installed 
capacities  in  the  year  2020  has  already  been  surpassed.  In  a  rough 
estimation,  if  all  of  these  installed  wind  turbines  are  in  opera¬ 
tion,  the  NE  and  GHG  emission  saving  of  30  GW  turbines  during 
an  expected  life  span  of  20  years  have  been  estimated  to  be 
1.02E+13  MJ  and  8.58E+1 1  kg  C02-eq,  respectively.  The  total  direct 
GHG  emission  amounts  to  7.46E+12  kgC02-eq  by  the  commonly 
referred  1PCC  global  warming  potentials  in  China  2007  [54].  Thus 
Chinese  total  GHG  emissions  would  be  reduced  by  11.5%  from 
the  baseline  of  2007,  if  some  coal  power  plants  were  substituted 
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by  wind  turbines  with  a  capacity  of  30  GW  during  the  next  20 
years. 

However,  the  promising  GHG  reduction  cannot  be  met  by  rapid 
expansion  of  installed  wind  turbines  in  China  recently,  due  to  the 
existing  waste  in  China’s  large-scale  wind  power  development  [55], 
Also,  many  experts  have  pointed  out  the  low  proportion  between 
grid-connected  turbines  and  total  installed  turbines  [56,57].  Mean¬ 
while,  the  stability  of  the  power  grid  is  already  a  problem  because 
of  weak  inter-regional  interconnections  causing  power  shortages 
that  hamper  grid  efficiency  in  different  parts  of  the  country.  Exist¬ 
ing  wind  farms  will  not  be  fully  usable  until  grid  upgrades  are 
fully  implemented.  China  requires  extensive  upgrades  to  its  power 
grid  to  support  newly  installed  wind  farms  in  the  future.  Since 
overheated  investment  in  wind  farm  development  has  created 
large-scale  waste  in  the  short  term,  the  sustainability  of  such 
projects  is  brought  into  question.  It  is  suggested  that  policy  should 
be  taken  to  lower  the  speed  of  building  new  wind  farms  and  the 
current  support  systems  should  be  re-elaborated  to  ensure  a  sus¬ 
tainable  and  economical  development  for  wind  power  in  China. 
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